The eukaryotic RNA exosome is an essential multi-subunit ribonuclease complex that contributes to the degradation or processing of nearly every class of RNA in both the nucleus and cytoplasm. Its nine-subunit core shares structural similarity to phosphorolytic exoribonucleases such as bacterial PNPase. PNPase and the RNA exosome core feature a central channel that can accommodate single stranded RNA although unlike PNPase, the RNA exosome core is devoid of ribonuclease activity. Instead, the core associates with Rrp44, an endoribonuclease and processive 3′→5′ exoribonuclease, and Rrp6, a distributive 3′→5′ exoribonuclease. Recent biochemical and structural studies suggest that the exosome core is essential because it coordinates Rrp44 and Rrp6 recruitment, RNA can pass through the central channel, and the association with the core modulates Rrp44 and Rrp6 activities.
Introduction
The RNA exosome is a ubiquitous endo-and 3′→5′ exoribonuclease in eukaryotic cells that collaborates with multiple co-factors for processing, quality control and degradation of virtually all classes of RNA. 3′→5′ RNA decay pathways are conserved in all kingdoms of life and perform a multitude of tasks including regulating the abundance of RNAs, eliminating dysfunctional or mis-folded RNAs, and processing of precursor RNAs to their mature form [1] [2] [3] . Three major enzyme classes catalyze 3′→5′ exoribonuclease activity in bacteria, archaea, and eukaryotes. One catalyzes processive hydrolytic RNA decay: (bacterial RNase II & RNase R and eukaryotic Rrp44); another catalyzes distributive hydrolytic RNA decay (bacterial RNase D and eukaryotic Rrp6), and one catalyzes processive phosphorolytic exoribonuclease activity (bacterial and mitochondrial PNPase and the archaeal exosome).
The eukaryotic RNA exosome core (Exo9) is similar in architecture to PNPase but it lacks phosphorolytic activity and has instead evolved to interact with and regulate the RNase activities of Rrp44 and Rrp6 [4, 5] . The eukaryotic RNA exosome is observed in two main forms: a cytoplasmic RNA exosome that includes the nine-subunit core and Rrp44 (Exo10 44 ) and a nuclear RNA exosome that includes Exo9, Rrp44 and Rrp6 (Exo11 44/6 ) [5] [6] [7] [8] [9] . An additional nucleolar form has been hypothesized based on cellular co-localization studies in human cells that contains Exo9 and Rrp6 [9] . Each of these exosome complexes interacts with an array of co-factors to process or degrade different RNA substrates ( Figure  1 ).
The exosome core
The global architecture of the RNA exosome core is conserved throughout prokaryotic, archaeal, and lower and higher eukaryotic phylogeny. A principal feature illustrated by structures from each group includes a ring composed of six RNase PH domains that form a central channel just large enough to accommodate single stranded RNA (Figure 2 ). Archaeal and bacterial RNase PH form a ring with six individual protomers arranged head to tail ( Figure 2A ) [10] [11] [12] . The multi-domain bacterial PNPase forms a ring with three PNPase protomers that contain a N-terminal RNase PH-like domain (PH-1), an alpha helical domain, a second RNase PH-like domain (PH-2), and the canonical RNA binding domains: KH (ribonucleoprotein K Homology) and S1 (ribosomal protein S1) that form a cap-like structure on top of the ring ( Figure 2B ) [4] . Archaeal exosomes form a ring with three Rrp41 and Rrp42 heterodimers that share similarity to PNPase PH-1 and PH-2 domains, respectively ( Figure 2C ) [13] [14] [15] [16] . Archaeal Csl4 or Rrp4 contain S1 or S1 and KH domains, respectively, that form a 'cap' on top of the ring. While PNPase projects the KH domain toward the central channel [17] , the S1 domains of archaeal Csl4 or Rrp4 line the central channel of the archaeal exosome.
The composition of eukaryotic exosome cores (Exo9) is more complex because it consists of nine unique subunits [5] . The RNA exosome is present in all eukaryotic cells; however, it has been most extensively studied in budding yeast and therefore the yeast nomenclature will be referred to for eukaryotic RNA exosomes in which RrpX stands for "Ribosomal RNA processing protein X". A pseudo-hexameric ring is formed by three heterodimeric pairings, Rrp41-Rrp45, Rrp46-Rrp43, and Mtr3-Rrp42, that share structural and sequence similarity with PNPase PH-1 and PH-2 domains, respectively ( Figure 2D ). Csl4, Rrp4, and Rrp40 include S1 or S1 and KH domains that cap the eukaryotic PH-domain ring. Analogous to archaeal exosomes, eukaryotic S1 domains project toward the central channel ( Figures 3C & D) .
Bacterial RNase PH, PNPase, and archaeal exosomes utilize a phosphorolytic mechanism to cleave RNA (reviewed in [18] ). In these enzymes multiple phosphorolytic active sites (3 or 6) are located within the central channel in the interface between PH or PH-1/PH-2 domains ( Figure 3A) . It is not clear if each active site is utilized in sequential fashion to degrade a single RNA; however, processivity is likely achieved by holding the RNA in the central channel by contacts to the KH domains and respective active sites, at least for PNPase [17] . While some of the RNA binding residues are present in the central channel, the catalytic residues required for phosphorolysis are not conserved in eukaryotic exosome PH-domain subunits ( Figure 3B ). In fact, no detectable phosphorolytic activity has been demonstrated for the eukaryotic exosome core based on studies in budding yeast and human systems [5] [7] . The eukaryotic exosome core has instead evolved to interact with and coordinate the activities of the processive hydrolytic exoribonuclease, Rrp44, and the distributive hydrolytic exoribonuclease, Rrp6 [19, 20] .
Rrp44 and the Exo10 44 Exosome
Rrp44 includes five domains: an N-terminal Pilus-forming N-terminus (PIN) domain that contains an active site for endoribonuclease activity, two cold-shock domains (CSD1 and CSD2), a central ribonuclease domain (RNB) that contains an active site for exoribonuclease activity, and a C-terminal S1 domain ( Figure 3E ) [7, [21] [22] [23] [24] . The Rrp44 PIN domain structure was first revealed in a complex between Rrp44 and two exosome core subunits, Rrp41 and Rrp45 ( Figure 3I ) [25] . The PIN domain active site is structurally homologous to T4 RNase H, and it is predicted to utilize a two metal ion-dependent catalytic mechanism for hydrolysis [26, 27] .
The RNB domain active site coordinates two magnesium ions that are required for hydrolytic 3′→5′ exoribonuclease activity, resulting in the release of NMP [28] . Rrp44 is related to bacterial exoribonucleases RNase II and RNase R [29] , however the arrangement of individual domains differs ( Figure 3G and H). A structure of RNase II showed that CSD2 and S1 domains make contacts to the 5′ end of the RNA before engaging the RNB active site ( Figure 3G ), contacts that are important for achieving processivity. In contrast, a structure of Rrp44 in complex with single stranded RNA ( Figure 3H ) showed that RNA contacts CSD1 with a different orientation for the three OB-containing domains (CSD1, CSD2 and S1). As a result, RNase II and Rrp44 structures reveal two distinct paths that guide RNA toward the exoribonuclease active site via an interface that can contact either 12 or 9 nucleotides, respectively. These alternative pathways may reveal different methods to achieve processivity for RNAs larger than >9 nucleotides; where RNase II CSD2 and S1 domains hold onto a single RNA substrate for multiple rounds of catalysis, Rrp44 binds RNA and projects it in an orthogonal direction to present it to the exosome core, presumably to ensure processivity on longer RNAs. It remains unclear if this is the only way Rrp44 can engage RNA substrates or if alternative paths are possible, such as the one observed for RNase II.
Rrp44 and Exo9 form Exo10 44 and this association has been shown to decrease Rrp44 RNA binding and exoribonucleolytic activities in a manner dependent on the integrity of the central channel [25, [30] [31] . Previous models for Rrp44 bound to Exo9 based on x-ray structures of the human nine-subunit exosome core [5] and budding yeast Rrp41-Rrp45-Rrp44 [25] , or negative-stain and cryo-EM structures of budding yeast Rrp44 bound to the core exosome (Exo10 44 ) [32] were confirmed and trumped by a recent x-ray structure of yeast Exo9 in complex with Rrp44 and a C-terminal domain of Rrp6 (6CTD) (Exo11 44/6CTD ) bound to a RNA substrate [33] . This model reveals several important features: Rrp44 is anchored at the bottom of Exo9 through contacts between the Rrp44 PIN domain and CSD1 and the Rrp41/Rrp45 and Rrp43 core subunits, respectively. The 6CTD is positioned at that top of Exo9 through an extensive interface via contacts to Csl4, Mtr3 and Rrp43. Finally, RNA passes through the central channel before emerging to engage in contacts within the Rrp44 exoribonuclease active site ( Figures 3I and 4) [33] .
Extensive conformational changes were observed for Rrp44 in the Exo11 44/6CTD complex compared to the Rrp44/Rrp41/Rrp45 complex ( Figures 3I and J) . The most striking change was a ~100° rigid body rotation of the RNB and S1 domains that flips these two domains orthogonal to the PIN domain and the exosome core. This movement distorts CSD2, and it creates a contiguous L-shaped RNA binding surface to facilitate RNA recruitment to the RNB active site. Although it is likely that other conformations exist, this structure shows one route of RNA ingress to the Rrp44 active site: the 5′ RNA end is coordinated by the cap proteins, RNA then threads through the central channel, and after emerging from the channel, RNA turns ~90° toward the RNB domain before making a final turn into the Rrp44 exoribonuclease active site (Figure 4) . The importance of the central channel is supported by biochemical and in vivo data that characterized channel-occluding mutations [25, 30, 31] ; however, channel integrity may only be important for RNA molecules long enough (>35 nt) to traverse the Exo9 channel and Rrp44.
Budding yeast has only one Rrp44, but other eukaryotes encode two or three versions of Rrp44 that harbor different activities or are restricted to different subcellular locations. In humans these are called DIS3, DIS3L, and DIS3L2 [8, 9, 34, 35] . DIS3 is primarily nuclear, DIS3L and DIS3L2 are restricted to the cytoplasm, and all of these proteins appear excluded from nucleoli [9] . DIS3 and DISL associate with the Exo9 core, albeit weakly, and contain all five domains observed in yeast Rrp44 although DIS3L lacks detectable endoribonuclease activity [8, 9] . DIS3L2 lacks a PIN domain altogether and no interaction with Exo9 has been observed; interestingly DIS3L2 exhibits specificity for RNA substrates containing 3′ polyU tails such as the polyuridylated pre-let-7 microRNA [8, 34] .
Rrp6 and the Exo10 6 and Exo11 44/6 exosome
Rrp6 includes the following domains: an N-terminal PMC2NT domain, an EXO domain that catalyzes distributive 3′→5′ exoribonuclease activity, a HRDC domain (helicase and RNase D carboxy terminal domain), a predicted HRDC2 domain, and a C-terminal domain (CTD) ( Figure 3E ). The PMC2NT domain is required for interaction with a nuclear cofactor, Rrp47 [36] . The EXO domain contains a DEDD-Y amino acid motif that coordinates two metals to catalyze distributive, hydrolytic 3′→5′ exoribonuclease activity as illustrated by structures obtained for budding yeast Rrp6 and human RRP6 ( Figure 3F ) [37] [38] [39] . Human and yeast Rrp6 are related to RNase D however several differences exist between these structures: the active site of human RRP6 is more solvent exposed than yeast Rrp6 and RNase D includes a structured HRDC2 that limits access to the active site ( Figure 3F ).
Rrp6 associates with Exo9 and Rrp44 to form the canonical eleven-subunit nuclear exosome (Exo11 44/6 ) although an additional exosome complex has been suggested in human cells that contains Exo9 and RRP6 (Exo10 6 ) [9] . Rrp6 is not essential, but budding yeast strains lacking Rrp6 exhibit a temperature-sensitive growth phenotype and accumulate nuclear RNA precursors such as snRNAs, snoRNAs, pre-rRNAs, and cryptic unstable transcripts [40] [41] [42] [43] . Rrp6 possesses activities that are both dependent and independent of Exo9, however Exo9-independent activities have only been detected for processing a subset of nuclear RNAs [44] .
The budding yeast Rrp6 C-terminal domain (6CTD) interacts with Exo9 via an extensive interface that contacts Csl4, Mtr3 and Rrp43 (Figure 4) . The 6CTDs location on the core suggests the Rrp6 catalytic domain would reside near the top of Exo9 [33] . Consistent with this model, a 35-Å resolution negative-stain EM structure of the Leishmania tarentolae exosome places the Rrp6 EXO and HRDC domains above the exosome core via interactions with the cap subunits [45] . How Rrp6 engages RNA alone or in complex with the exosome remains unknown.
Exosome co-factors
The exosome interacts with a multitude of co-factors to facilitate interaction with different RNAs (Figure 1) . The exosome associates with the SKI complex (composed of Ski3p, Ski8p, and the DEVH ATPase Ski2p) via Ski7p in the yeast cytoplasm to participate in 3′→5′ mRNA degradation through association with the translation apparatus [46] [47] [48] . While a homolog of Ski7 exists in higher eukaryotes, it is unclear if a similar mechanism is employed to recruit the exosome and DIS3L1 to promote decay.
The nuclear form of the exosome interacts with a co-factor Rrp47/C1D via Rrp6 to process RNAs including the 3′ extended form of the 5.8S rRNA precursor [36, 49, 50] . Mpp6/MPP6 is another nuclear co-factor that associates with the exosome to assist in processing structured RNAs [51, 52] as loss of MPP6 accumulates 3′ extended forms of 5.8S rRNA. The nuclear exosome also interacts with the TRAMP complex (Mtr4 helicase, Trf4/Trf5 poly(A) polymerases, and Air1/Air2 Zn-knuckle RNA binding proteins) to promote surveillance and degradation of aberrant RNA [53] . The human exosome may also interact with the Nuclear Exosome Targeting (NEXT) complex (hMTR4, the Zn-knuckle protein ZCCHC8, and the putative RNA binding protein RBM7) to promote degradation of promoter upstream transcripts [54] . In addition, the NRD complex (Nrd1, Nab3, and Sen1) recruits the exosome to degrade or process certain sn-and snoRNA polymerase II transcripts [55, 56] . Additional co-factors have been identified in both human and budding yeast systems, although their functional significance is less clear (Figure 1) .
Conclusions
Structural models obtained thus far suggest that the non-catalytic Exo9 core channels RNA and is flanked on either end by the catalytic subunits Rrp44 and Rrp6. This is interesting when compared to RNases such as PNPase or protease complexes (such as the proteasome) because in these complexes the catalytic sites lie within the central channel or chamber, respectively. In contrast, the eukaryotic exosome appears inside out, with a non-catalytic core and central channel sandwiched between the Rrp6 and Rrp44 catalytic subunits.
Although Rrp44 and Rrp6 are not in direct contact, their activities appear co-dependent when associated with Exo9 [57, 58] . For instance, Rrp6 can stimulate endo-and exoribonucleolytic activities of Rrp44 in a manner independent of Rrp6 catalytic activity [31] . Conversely, an Rrp44 isoform lacking exoribonuclease activity severely inhibits Rrp6 exoribonucleolytic activity. These and other studies suggest that Rrp44 utilizes the full extent of the central channel to engage RNA substrates while Rrp6 utilizes a portion of this channel comprised by the cap proteins to engage its RNA substrates. A shared path may ensure that a particular exosome remains engaged with one substrate, degrading or processing it via Rrp44 or Rrp6, before it can bind another. In other words, when Rrp44 is engaged with a substrate that occupies the channel, Rrp6 cannot bind a substrate. The converse may be true although this has not yet been demonstrated.
It remains unclear how a path is selected to feed RNA to Rrp6 and/or Rrp44; but it is likely that exosome co-factors influence this by competing for interactions with the exosome core or by influencing activities of Rrp6 and/or Rrp44. Further investigation in this area will be required to fully understand how the activities of the eukaryotic RNA exosome are coordinated to facilitate RNA processing and degradation.
Highlights
Eukaryotic exosome cores and phosphorolytic exoribonucleases are structurally similar Exosome cores include a central channel but are catalytically inert Central channel directs single-stranded RNA to the exoribonucleases Rrp44 and Rrp6
Rrp6 and Rrp44 exoribonuclease activities are modulated by the exosome core Rrp6 and Rrp44 bind at opposite ends of the exosome core and central channel antibioticus PNPase structure (PDB ID = 1E3P) forms a homotrimer. Each of PNPase protomers are colored differently: light yellow, dark yellow, and light brown to emphasize the homotrimer of RNase PH 1-like (PH 1) and RNase PH 2-like (PH 2) domains. C) Archaeal exosome. The S. solfataricus archaeal exosome (PDB ID = 2JE6) is shown with Rrp41 subunits (blue) and Rrp42 subunits (green). Rrp41 and Rrp42 form a heterodimer; the resulting heterodimer can trimerize, culminating in a six-component ring. Either Csl4 or Rrp4 (shown in grey) form a trimeric cap above the ring. The surface representation of the structure depicts the Rrp4-bound form. D) Eukaryotic exosome: 9-subunit core. Human subunits are labeled and color-coded and include the PH-like ring subunits Mtr3 (orange), Rrp42 (red), Rrp41 (purple), Rrp45 (blue), Rrp46 (green) and Rrp43 (yellow); the S1/KH domain proteins Csl4 (light blue), Rrp4 (green) and Rrp40 (pink). E) Cytoplasmic, nuclear and nucleolar exosome architectures. The non-catalytic exosome core interacts with additional hydrolytic enzymes to form: the 10 subunit cytoplasmic exosome (panel 1, Exo9 + Rrp44), the 11 subunit nuclear exosome (panel 2, Exo9 + Rrp44 + Rrp6), and the 10 subunit nucleolar exosome (panel 3, Exo9 + Rrp6). The S1/KH protein ring is shown on the top of the PH-like ring with Rrp44 shown below the PH-like ring to reflect structural models of the complex. Rrp6 is shown on the other side of the complex below the PH-like ring, although there is no definitive structural data for this complex. The exoribonuclease active sites are depicted with red circles in Rrp44 and Rrp6, and the endoribonuclease active site of Rrp44 is shown as a yellow circle. Graphics generated with Pymol [59] . 4IFD) . The S1/ KH cap is shown in light gray, the six-membered ring is shown in dark pink, the Rrp6 CT is shown as a light blue cartoon, the location of the EXO and HRDC are currently unknown but they are predicted to be above the cap (light blue ellipse), and each of the Rrp44 domains are colored as discussed in Fig 3. B) RNA ingress into Rrp44 exo active site. The RNA ingress via the central channel is highlighted in two different views: Left, the central channel is viewed by cutting the core in half, and right, the RNA ingress is viewed by making the core transparent.
